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ABSTRACT 
 
An aluminum/alumina (Al/Al2O3) microchannel plasma reactor is used to generate H2 
with an energy efficiency of 2.5 % by dissociating water vapor in Ar at atmospheric 
pressure and room temperature. The value compares favorably to other plasma reactors 
reported in the literature, having reported energy efficiencies ≤ 2 %. Additionally, spectra 
of the Hα line are used to calculate electron densities, which are in the vicinity of 1.5 ± 
0.2 × 1016 cm-3, while spectra of the OH(A-X) transition show a distinctly non-
equilibrium population distribution in the OH(A2Σ+) state. Al/Al2O3 microchannel plasma 
device was shown to be efficient in water dissociation as compared with other plasma 
reactors recently reported in the literature.  
iii 
 
ACKNOWLEDGMENTS 
 
 
I wish to express sincere appreciation to Professors Gary Eden and Sung-Jin Park for 
their scintillating wisdom and effulgent kindness in guiding this thesis work. In addition, 
Thomas Galvin’s and Thomas Houlahan’s protean intellects and endless capacities for 
work have inspired me intellectually and aided the physical construction of many 
experiments. Moreover, Chul Shin and Teagon Oh’s foundational work on the gas flow 
system was imperative to the experiments, especially the early ones. Finally, I’d like to 
thank my family and my boyfriend, Jingshu Zhang, whose support and encouragement, 
fairer than the Orphic lyre, comforted my frail thoughts over whelming seas and sounding 
hills. 
 
  
iv 
 
TABLE OF CONTENTS 
 
 
 
 
 CHAPTER 1: INTRODUCTION .................................................................. 1 
 CHAPTER 2: EXPERIMENTAL .................................................................. 3 
 CHAPTER 3: RESULTS AND DISCUSSION .............................................. 6 
 CHAPTER 4: CONCLUSIONS................................................................... 11 
 FIGURES  .................................................................................................... 12 
REFERENCES ............................................................................................. 20
1 
 
CHAPTER 1 
INTRODUCTION 
 
The depletion of conventional fossil fuels coupled with their severe environmental effects 
such as greenhouse gases and particulate emission demand a cleaner, more sustainable 
energy source [1]. The use of hydrogen gas (H2) as a carbon-free energy source, or the 
transition to a hydrogen economy, is considered an important method to alleviate the 
environmental and social strain caused by traditional fuel sources [2]. Although H is the 
most abundant element on earth, H2 does not exist naturally and must be artificially 
produced. Traditionally, H2 is produced from steam methane reforming, coal gasification 
and electrolysis [3]. Dissociating water through plasma-chemical reactions has several 
advantages such as high specific productivities [4], low limitations on diffusion speed of 
the neutral molecules [5] and carbon-neutrality. 
Some research has been conducted aiming at generating H2 from water vapor through 
plasma-chemical reactions. Chen et al. [6] used tubular plasma and catalyst reactors with 
gold as a catalyst to dissociate water vapor carried by a stream of Ar. They achieved a 
dissociation degree of 14% and highest energy efficiency of around 2%. In a study 
conducted by Luo et al. [7], an energy efficiency of 1.1% was achieved without adopting 
a Pt catalyst. Kabashima et al. [8] used a packed-bed plasma reactor to dissociate a 
stream of water vapor carried by N2. They achieved 63% of water dissociation but at a 
low energy efficiency << 1%. Nguyen et al. [9] dissociated water vapor carried by Ar 
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using a microwave plasma and achieved an energy efficiency of about 0.1% while 
producing 23 sccm of H2.  
In this study, microchannel plasma devices have been used to produce hydrogen gas from 
water vapor carried by Ar. Previous studies have shown that aluminum/ alumina 
microchannel plasma reactors were capable of efficiently synthesizing ozone gas at 
atmospheric pressure and room temperature [10]. Using a similar reactor, H2 was 
generated from a mixture of water vapor and Ar at room temperature and atmospheric 
pressure with dissociation efficiencies higher than those currently found in the literature.  
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CHAPTER 2 
EXPERIMENTAL 
 
The fabrication processes of the plasma chemical reactors were described in detail in our 
previous publications [10]–[12]. The device structure used in this study was similar to the 
Al/Al2O3 device described in Ref. 10 with the exception that a single anodization step 
was used to produce the Al/Al2O3 substrate. A schematic of the device structure is shown 
in Figure 1. The fabrication process is briefly summarized as follows. A piece of 500 µm 
thick aluminum foil was anodized in a 0.3 M oxalic acid solution for 48 hours at 100 V 
and room temperature. The result of this was a layer of nanoporous alumina grown on the 
native aluminum, making the entire substrate about 680 μm thick. A second aluminum 
sheet with an initial thickness of 125 μm was anodized for 4 hours under the same 
conditions and used as the top electrode. The alumina layer produced this way was 
approximately 40 μm thick. A polydimethylsiloxane (PDMS) stamp was used as a 
photolithographic mask to define the geometry of the microchannels. It was molded from 
a silicon master stamp fabricated with conventional photolithographic processes. The 
PDMS stamp was pressed into a UV-curable polymer applied on top of the alumina layer, 
which was subsequently cured to expose only the channel areas. The channels were then 
etched with a micropowder blaster for which the speed, working distance to the substrate, 
nozzle geometry, backing pressure, and number of repetitions for blasting were 
controlled by a computer. The resulting geometry was an array of 12 channels 250 µm in 
width, 150 µm in depth, 3 cm in length and with a 500 µm periodicity.  
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Following the etching steps, the top electrode and bottom channel layer were 
hermetically sealed. Two glass tubes serving as the gas inlet and outlet were also 
hermetically attached at the ends of the channels. Water vapor was introduced into the 
device through a bubbler using ultra-high purity Ar as the carrier gas at room temperature 
and atmospheric pressure. A similar method was used in Ref. 6. The resulting feed gas 
contained 2.3 mol % of water vapor according to the equilibrium vapor pressure of water.  
A schematic of the gas flow and testing system setup is shown in Figure 2. The Ar gas 
flow was controlled by a calibrated Brooks UFC-1660 mass flow controller (MFC) with 
±10 sccm accuracy. The device was driven by a 20 kHz sinusoidal wave at controllable 
voltages to excite plasmas in the channel region. The effluent gas composition was 
analyzed in-line by an Inficon Transpector 2.0 residual gas analyzer (RGA). To obtain 
quantitative H2 concentration information, the RGA was calibrated with known flow rates 
of Ar and H2 gases to obtain a calibration factor relating the current signal response for 
H2 and Ar as measured by the RGA. During the actual calculation, the mole percentage 
of Ar in the effluent was assumed to be constant because its molar concentration change 
was < 0.2 %.  
The emission spectrum of the plasma was recorded using a Princeton Instrument PIMAX 
4 gated intensified charge-coupled device (ICCD) camera coupled with an Acton SP2570 
0.75 m Czerny-Turner monochromator. The spectral resolution of this system was 
calibrated with known atomic lines at various wavelengths. For devices that were used to 
collect the spectra, a sapphire window was embedded in the gas inlet tube so that the UV 
portion of the spectra could be transmitted.  
The absolute yield of hydrogen gas (YH) was calculated based on the equation: 
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                                                                  𝑌𝐻 =  
𝑆𝐻
𝐶×𝑆𝐴𝑟
× 𝑄𝐴𝑟 (1) 
where SH and SAr were the current signal strengths detected by the RGA from the peaks 
with masses 2 and 40, corresponding to H2 and Ar. C was the calibration factor. QAr was 
the flow rate of Ar. The energy efficiency of water dissociation (𝜂) was calculated based 
on:  
                                                                   𝜂 =  𝑌𝐻 ×
𝐻𝐻2𝑂
𝑃
  (2) 
where 𝐻𝐻2𝑂 was the higher heating value of water (142.18 MJ/kg), and P was the 
discharge power. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
 
The absolute conversion rate of H2 as a function of the input power for Ar flow rates 
ranging from 20 sccm to 900 sccm is plotted in Figure 3. The maximum H2 production 
rate achieved in this experiment was ~ 28 sccm recorded at the maximum flow rate and 
discharge power. For all flow rates, there existed an input power level below which no 
hydrogen was generated. In this particular system, this power was found to be ~ 0.5 W 
through linear regression. In a water vapor plasma, such a dissociation threshold 
indicated the existence of an activation barrier to the formation of H2 gas [4]. In addition, 
the H2 production rate rose linearly with the discharge power at a constant Ar flow rate. 
This increase was likely due to a higher density of the reactive intermediate species as 
indicated by the increased intensity in the optical emission spectra (OES).  
The effect of power on the H2 production rate, as measured by the gradient in the linear 
regression shown in Figure 3, differed for varying Ar flow rates. Since the flow rate was 
observed to have little effect on the threshold dissociation power, an increase in the 
gradient indicated a higher energy efficiency for H2 production. The relationship between 
this production efficiency and the Ar flow rate is plotted in Figure 4. At low Ar flow rates 
of up to 300 sccm, the production efficiency rose nearly linearly with the flow rate.  
Beyond that level, the efficiency continued to increase, but with a decreasing rate, 
eventually leveling at about 5.8 sccm/W.  As the water vapor concentration was constant 
at all Ar flow rates, the dissociation degree of water then decreased throughout this 
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region with no gain in absolute H2 production, indicating the existence of an optimal flow 
rate for this system. There were several reasons that might account for this saturation. In 
terms of chemical equilibrium, the reverse recombination reaction was in constant 
competition with the forward dissociation reaction. As the flow increased from a small 
value, even though the absolute H2 production rate increased, the dissociation degree 
decreased, favoring the forward reaction and therefore increasing the production 
efficiency. However, at high flow rates, the residence time of the gaseous species in the 
plasma region became short, reaching ~ 0.5 ms at 900 sccm. This was comparable to the 
lifetime of some stable reaction intermediates such as OH [13], which participated in the 
overall reaction through neutral-neutral interaction, charge transfer, and dissociative 
attachment processes. In addition, previous kinetic studies of water vapor plasmolysis at 
atmospheric pressure showed that the reaction time scale for reaching equilibrium was on 
the order of a few milliseconds [14]. It was therefore highly likely that the short residence 
time was preventing the reaction from reaching equilibrium and thus lowering the 
dissociation degree.  
Another important metric in measuring the effectiveness of H2 production was energy 
efficiency, which is plotted in Figure 5 as a function discharge power for various flow 
rates. At all the tested flow rates, the energy efficiency initially increased with the 
discharge power at low power levels. However, above ~ 4 W, the energy efficiency 
reached a maximum level and slowly decreased at higher discharge power, indicating the 
existence of an optimal power loading. The maximal power efficiency obtained in these 
experiments was about 2.5% with an Ar flow rate of 900 sccm. Similar trends for various 
dissociation pathways were described in the literature, where kinetics studies suggested 
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an optimal discharge power in terms of energy efficiency [15].  In addition, the system 
impedance increased at high discharge power due to an increase in the reactor 
temperature, resulting in a decrease in the energy efficiency.   
In addition to analyzing the effluent composition, in situ diagnostics were capable of 
providing further insight into relevant kinetic processes occurring within the reactor 
plasma. In this case, optical emission spectra (OES) served as an excellent in situ 
diagnostic tool. Atomic hydrogen generated in the plasma was a convenient tool for 
determining the electron density by considering Stark broadening in the emission spectra. 
Hα spectra were collected with the grating-coupled gated ICCD camera for selected 
discharge powers near the power level that resulted in the highest energy efficiency at an 
Ar flow rate of 40 sccm. An example Hα profile is shown in Figure 6. In general, the Hα 
line full-width at half maximum (FWHM) was considered to be the convolution between 
a Gaussian component and a Lorentzian component, which resulted in a Voigt profile 
[16]. The Gaussian component accounted for the effect of Doppler broadening and 
instrumental broadening, and the Lorentzian component accounted for the effect of 
collisional broadening and Stark broadening. Following the methods described in Ref. 16, 
the Doppler broadening was estimated to be 0.008 nm. The collisional broadening was 
calculated to be 0.09 nm for a gas temperature of 300 K at atmospheric pressure [17]. The 
instrumental broadening was estimated from an Ar atomic line at 488 nm to be 0.06 nm. 
The Stark broadening was then fitted as a parameter in the Voigt profile. The resulting 
electron density based on the fitting routine developed by Gigosis et al. [18] was 
estimated to be 1.5 ± 0.2 × 1016/cm3. Here the error represented the uncertainty in the 
Stark broadening fitting parameter. This electron density was typical of a microplasma 
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device [19]. Figure 7 shows the estimated electron density as well as the normalized Hα 
line peak intensity as a function of the discharge power. For the four discharge powers 
that were examined, there was little difference in the estimated electron density. In 
comparison, the peak intensity increased by approximately a factor of four. As Stark 
broadening was much more sensitive to the electron density than the electron temperature 
[18], this result suggested that the increase in the emission intensity could be caused by 
an increase in the electron energy. This result may also contribute to the trend observed in 
Figure 5. Due to the high ionization energy of water and therefore the difficulty of direct 
electron impact dissociation, one main dissociation route was through H2O vibrational 
excitation followed by dissociative attachment [15]. The vibrational excitation cross-
section of water showed an increase with electron temperature followed by a slow 
decrease [20]. Therefore, a decrease in the dissociation efficiency could be caused by the 
lower vibrational excitation degree at a high electron temperature. 
Another useful plasma parameter that could be obtained easily from the emission spectra 
was the rotational temperature of the OH (A2Σ+) state. The OH radical is an important 
oxidative intermediate that contributes to the overall dissociation reaction. Due to the 
prominence of the A-X emission band near 306 nm, the feature was easily captured in our 
system and fitted for using numerical simulation. Spectra were captured over a range of 
discharge power and Ar flow rates. The rotational temperature was then calculated from 
numerical simulation using methods developed by Izarra [21] but with a two-temperature 
rotational population distribution. The range of spectra fitted was from 306 to 310 nm, 
which was almost exclusively occupied by the (ν’, ν’’) = (0, 0) rotational manifold. An 
example of the fitted spectrum is shown in Figure 8. It should be noted that the OH 
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(A2Σ+) rotational population was well-known for following a phenomenological two-
temperature distribution in atmospheric plasma because of its many creation modes [22]. 
A range of conditions were studied here, including discharge powers between 3 and 5 W 
at 40 sccm and flow rates from 100 to 700 sccm at 2.2 W of discharge power. Both the 
high and low temperatures were almost constant after considering the estimated 
uncertainty of the simulation. The low temperature was approximately 320 K and the 
high temperature was approximately 5000 K. The low temperature portion of the 
population accounted for about 65% of the total population. This suggested that although 
the efficiencies and dissociation percentage changed within the experiments, the reaction 
pathway remained the same over these conditions. 
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CHAPTER 4 
CONCLUSIONS 
 
In summary, an Al/Al2O3 microchannel plasma device was used to generate H2 at 
atmospheric pressure through the dissociation of water vapor with Ar as the carrier gas. 
The effects of the discharge power and gas flow rate through the device were studied. It 
was further shown that an optimal flow rate and discharge power existed, whereby the 
dissociation degree and energy efficiency were maximized. A H2 generation rate as high 
as 28 sccm at a production efficiency of 5.8 sccm/W (2.5% energy efficiency) was 
achieved, which compared favorably to the scientific literature. Furthermore, optical 
emission studies of the plasma showed that the electron density in the device was ~ 1.5 × 
1016/cm3 and varied little at discharge powers close to the power level that resulted in the 
highest dissociation energy efficiency. In addition, fitting to the OH (A-X) emission 
spectra revealed the non-equilibrium nature of the OH (A) intermediate. Microchannel 
plasma devices were shown here to be suitable for H2 generation as compared with other 
plasmachemical devices.  
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FIGURES 
                
Figure 1. Cross sections of the microchannel plasma reactors. Both the top and bottom 
plates were anodized to form an Al/Al2O3 structure. The striped slate regions represent 
the porous alumina sections. The grey regions represent the aluminum sections. 
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Figure 2. Gas flow and testing system setup. Water was carried into the device through a 
bubbler. The resulting gas was assumed to be saturated with water vapor.  
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Figure 3. Absolute H2 generation rate as a function of discharge power at various Ar flow 
rates with linear fits. The data were taken from 10 different plasma devices.  
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Figure 4. H2 production efficiency as taken from the slope in Fig. 1 at various Ar flow 
rates. The production efficiency at low flow rates showed a linear increase with flow rate, 
but started to saturate at high flow rates above ~400 sccm.  
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Figure 5. H2 production energy efficiency taken from 10 different plasma-chemical 
devices at flow rates between 20 and 100 sccm. The energy efficiency gradually 
increased at low discharge power and showed maxima at a discharge power of about 4 
W.  
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Figure 6. Voigt fit to the Hα line. The value of Stark broadening was extracted from the 
Gaussian component and correlated to the electron density value based on the model 
developed in Ref. 18. 
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Figure 7. Electron density calculated from Stark broadening as a function of discharge 
power. The normalized Hα peak intensity is overlaid on top of the raw data. The electron 
density value showed little change at the measured discharge powers, while the peak 
intensity underwent a four-fold increase. The error bars represent the uncertainties 
resulting from the fitting parameter to Stark broadening.  
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Figure 8. Emission spectrum of OH (A-X) transition around 308 nm. The spectrum was 
fitted to a non-equilibrium rotational temperature distribution. The fitted low temperature 
was 339 ± 8 K and accounted for 60.2 ± 0.8% of the population. The fitted high 
temperature was 4200 ± 200 K.  
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